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PETROGRAPHIC AND GEOCHEMICAL ANALYSES OF LEACH SAMPLES
FROM ARTILLERY PEAK, MOHAVE COUNTY, AZ

By Susan E. Brink,! Rolland Blake,! and Dianne Marozas?®

ABSTRACT

The first step in determining whether Mn can be recovered by in situ leaching is to develop and test
a selective lixiviant. Two column leach tests and one core leach test were conducted by the U.S. Bureau
of Mines on Mn oxide ore using aqueous sulfur dioxide (SO,) as the lixiviant. The column tests showed
that aqueous SO, could selectively dissolve available Mn oxides from calcite-rich ore in a heap leach sys-
tem. However, the core test showed that calcite gangue side reactions can have pronounced negative
effects on the likelihood of successful in situ leaching of a calcite-rich ore with aqueous SO,. Petro-
graphic and geochemical analyses showed that both Mn (IV, III) oxides and calcite were dissolved. The
abundance of dissolved Ca caused precipitation of gypsum. Acid consumption by calcite dissolution
caused a rise in pH that caused the SO,/S species to shift to SO,*>~ (sulfite), which hindered reductive
dissolution of Mn oxide. Gypsum precipitation did not affect complete leaching of the rock fragments
in the column tests; however, it plugged the natural permeability in the core. Manganese recoveries
were high for the column tests and low for the core test.

!Geologist, Twin Cities Research Center, U.S. Bureau of Mines, Minneapolis, MN.
2Geochemist, Sandia National Laboratory, Albuquerque, NM.



INTRODUCTION

The U.S. Bureau of Mines (USBM) is conducting re-
search to develop cost-effective, environmentally com-
patible, advanced technologies for the selective extraction
of critical and strategic metals, such as Mn, Co, and Cr
from ores of these metals. In situ leach mining requires
less capitol investment, labor force, and energy consump-
tion than conventional mining and milling, while offering
better health and safety conditions for mine workers and
causing less environmental impact. Through column leach
tests, the USBM has determined that some types of Mn
oxide ore have the potential for recovery by in situ
leach mining techniques (Khalafalla and Pahlman, 1981,
Marozas and others, 1992). In this study, column leaching
tests were conducted on calcite (CaCO,) rich Mn oxide
ore to determine the selectivity of the aqueous SO, lix-
iviant for Mn over Fe and Ca. A core leaching test was
also conducted to more closely simulate the natural per-
meability of a calcite-rich Mn oxide ore in an in situ leach
mining system.

LOCATION AND GENERAL GEOLOGY OF DEPOSIT

The Artillery Peak Mn district is located in southern
Mohave County, AZ, approximately 64 km (40 miles)
northwest of Phoenix, AZ. Syngenetic Mn oxide was de-
posited with early Pliocene alluvial fan and playa sedi-
ments, the Chapin Wash Formation, in a large fault ba-
sin between the Artillery and Rawhide Mountains, The
Chapin Wash Formation covers an area of approximately
65 km? (25 square miles) and consists of arkosic sand-
stones, siltstones, conglomerates, mudstones, and tuffs.
Estimated reserves for the Artillery Peak District are
158.8 Mt of material containing 5.5% to 6.3% MnO,
(manganese dioxide) and 4.3% Fe,0, (hematite) (Kumke
and others, 1957). The north and south Maggie blocks of
the Maggie Canyon area consist of higher grade material.
The north Maggie block contains 13.6 Mt of material that
averages 10.3% MnO, and the south Maggie block consists
of a 6.1-m thick manganiferous layer that contains 1.8 Mt
of material grading 15.8% MnQ,,

The location of samples selected for column and core
leach tests in this study are as follows: The level-1 ore

sample used in one of the column leach tests is from the
toe of Cobweb Hill on the Lake property within the Artil-
lery Peak District. It contained 4.9% MnO,. The GP-1
ore sample used in the second column leach test was taken
from a high-grade dump on the Lake property. It con-
tained 42.7% MnQO,. A 10-cm-diameter interval of core,
labeled "massive 2," was taken below the tuff layer on
Cobweb Hill, and this sample was used for the core leach
test. Sample massive 2 contained 21.0% MnQ,,

SELECTIVE LEACHING OF ARTILLERY PEAK ORE

Selective recovery of Mn by in situ leaching from most
Mn oxide mineral deposits will require a lixiviant that is
chemically selective because of the intimate textural rela-
tionship between Fe oxide and Mn oxide minerals. Sulfur
dioxide (SO,) has been extensively investigated for selec-
tive Mn leaching because it is capable of rapidly dissolving
acid-resistant Mn oxides while only slowly leaching many
Fe gangue minerals. Khalafalla and Pahlman (1981) re-
ported results that demonstrate the use of SO, for selec-
tive extraction of critical and strategic metals (i.e., Mn, Co,
and Ni) from Pacific ferromanganese nodules. They re-
ported that increasing the ratio of SO, in the lixiviant to
the mass of nodules leached results in a reproducible se-
quence of different metals being preferentially leached.
Manganese was leached first, followed by nickel, cobalt,
iron, aluminum, and copper.

Pahlman and Khalafalla (1988) reported experimental
data on SO, leaching of Mn ores that are relevant to in
situ leach mining, They presented results from batch and
column leaching of 25 samples from U.S. Mn deposits ex-
posed to 5 to 6.4 vol % SO, solutions. They achieved
typically >90% Mn recoveries for Mn oxides and <10%
Fe recovery when Fe,0, is the most abundant Fe-bearing
gangue mineral. When Fe carbonate (siderite) and hy-
droxide (goethite) are present, selectivity is reduced be-
cause Fe in these minerals is readily dissolved by the acidic
SO, solution. Pahlman and Khalafalla did not look at tex-
tural considerations, which also may have had an effect on
the dissolution rates of Mn, Fe, and Ca minerals.

COLUMN LEACH TESTS

PRELEACH GEOLOGIC CHARACTERIZATION

Two column leach tests were conducted on rock sam-
ples collected from the Artillery Peak deposit. Preleach

petrographic observations of thin sections and X-ray dif-
fraction (XRD) analysis of whole-rock powders of these
two ores (level-1 and GP-1) were performed by Saini-
Eidukat and Adamson (USBM progress report, 1990). A



summary of their findings follows. The arkosic sandstone
is fine to medium grained and ranges from grain support-
ed to matrix supported. The matrix is calcite and Mn
oxide cement. The felsic grains are angular to subrounded
and consist of quartz, microcline, and plagioclase. Most of
the feldspar grains show variable sericitization and calcite
has replaced some grains. XRD identified cryptomelane
(KMngO,;) and hollandite (BaMnyO,;) as specific Mn
minerals, However, representative electron microprobe

wavelength dispersive spectrometer (WDS) microanalyses
(table 1) of the Mn material in sample level-1 showed that
the cryptocrystalline Mn material consists of a mixture of
cryptomelane and hollandite, with a few spot analyses of
coronadite (PbMngO,,). Figure 1 shows the variation in K
and Ba of several WDS microprobe spot analyses of the
Mn material. Two spot analyses that contained Pb are
also plotted.

Table 1.—Representative WDS microprobe analyses of Mn oxides
In sample level-1, welght percent

Oxide Sample
1 2 3 4
BaO................ 9.96 5.07 9.10 13.74
F9203 ............... 0.87 ND 0.84 0.26
KO .ooviviviiin, 1.64 4,08 1.056 1.13
MO, ............... 79.36 84,11 75.09 78.54
7o 0.35 0.34 0.23 0.19
PbO ... ND ND 7.54 ND
£ ND ND ND ND
Total , ............ 92,18 93.60 93.85 93.86
ND  No data.
Figure 1
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COLUMN LEACH EXPERIMENTS

The column leach tests were conducted in 1-m-long by
10-cm-diameter columns containing 3.5 kg of rock frag-
ments in the minus 2.5-cm to plus 1.3-cm fraction. Solu-
tions of 5 vol % SO, were dripped on top of the column
at a rate of 1 mL/min. The columns were not tightly
sealed and remained at room temperature (24 °C) and
unsaturated throughout the experiment. Tests were run
until the Mn in the leachate from the column dropped be-
low 1 g/L. Leaching of the GP-1 rock type took approxi-
mately 60 days and leaching of the level-1 rock type took
approximately 26 days. Leach solution samples were col-
lected at the bottom of the column for chemical analysis
for Fe, Mn, Si, Ca, Na, K, and Al by atomic absorption
spectrometry or inductively coupled plasma spectrometry.

POSTLEACH GEOLOGIC
CHARACTERIZATION

Postleach samples from the column leach tests were
analyzed (USBM progress report, 1990) as fragments in
Cargille Certified Refractive Index oil with a refractive
index number of 1.540. The postleach samples were not
made into thin sections because of the friability of the
materials. Mn oxides were found as small opaque par-
ticles and dark to light brown stains on felsic mineral
grains. Traces of hematite (Fe,0,) and goethite (FeOOH)
were also present. The most significant difference in the
preleach and postleach mineralogy occurred in sample
level-1, where calcite was found in a preleach sample, but
not in a postleach sample, and gypsum (CaSO, » 2H,0) was
found in a postleach sample, but not in a preleach sample
(USBM progress report, 1990).

POSTLEACH GEOCHEMICAL
CHARACTERIZATION

Table 2 shows preleach and postleach whole-rock chem-
ical analyses for the column leach tests. Most of the
chemical analyses were determined by inductively coupled
plasma spectrometry, except for Fe?*, which was deter-
mined by titrimetric method, silicon dioxide (SiO,) by
gravimetric method, and S and C by combustion method.
The first of the postleach columns shows residual enrich-
ment of some elements because of removal of a significant
amount of the rock, mostly as Mn. For example, the Si
values for GP-1 show an apparent enrichment from 15.8 to
29.1 wt % Si. Before leaching the rock weighed 3,500 g,
but after leaching the rock weighed only 1,768 g. In the
second postleach column of table 2, the leached rock

values were normalized to the amount of rock leached by
multiplying the postleach data by the ratio of grams of
leached rock to grams of preleach rock. In this way, the
normalized postleach data can be compared with the pre-
leach data to arrive at a more accurate sense of how much
of each element was leached or enriched.

The preleach and postleach whole-rock chemical data
of the column leached ore, shown in table 2, confirm that
Mn was selectively leached over Fe. Almost all of the Mn
was leached, while less than half of the Fe was leached
from the rock, 1t is also apparent that Ba, which occurs in
the Mn minerals (table 1), was retained in the postleach
material. Results for recovery of Mn and Fe in the col-
umn leach solutions using level-1 and GP-1 ores are dis-
played in table 3. The initial amount of Mn, Fe, and Ca
present in each preleach sample is also given. Included
for comparison are column leach test results on another
Artillery Peak sample (AZ-5) reported by Pahlman and
Khalafalla (1988). Recoveries for the column leach tests
were calculated from preleach and postleach whole-rock
chemical analyses, while recoveries for the AZ-5 sample
were calculated from leach solution chemistry. The data
indicate that Mn can be efficiently recovered from the ores
tested, by leaching with SO, solutions. Results also show
that Mn is selectively leached with respect to Fe.

The preleach rock contains calcite, which is acid sol-
uble, With leaching, all of the C was removed, but only
some of the Ca in the rock (table 2). More Ca remains in
the rock after leaching than that attributable to refractive
Ca in feldspars. The postleach material also contains con-
siderable sulfate enrichment. The preleach and postleach
whole-rock chemical data in table 2 suggest that some of
the Ca, which dissolved from calcite during leaching, pre-
cipitated in the postleach material as gypsum. The pre-
cipitation of gypsum in the postleach material is supported
by the observation of gypsum in postleach products, as
previously mentioned. Calcium extraction in the leach
solutions from the rock types tested in this study is also
reported in table 3. Pahlman and Khalafalla (1988) re-
ported that, at low SO, application rates (1 mL/min) in
their column experiments on Artillery Peak samples, cal-
cite solubilization was minimized by the formation of an
insoluble reaction layer, which suppressed further leaching
of calcite, The reaction layer was composed of a Ca/S
compound. When Pahlman and Khalafalla increased the
solution application rate from 1to 5 to 9 to 18 mL/min,
Ca solubilization increased for the same ore type. They
proposed that this reaction layer was eroded by the in-
creased application rate. Calcium extraction in this study
with an application rate of 1 mL/min ranged from 28% to
85% and thus appeared to depend on the ore type.



Table 2—Whole-rock chemical analyses of preleach and postleach column tast samples, weight percent

Level-1 GP-1
Preleach Postleach Normalized Preleach Postleach Normalized
postleach postleach
Elements:
Ao e 5.30 5.06 4.70 3.00 5.80 2.93
|2 S 0.41 0.42 0.39 2.00 3.80 1.92
C e 0.69 <0.10 <0.10 0.44 <0.10 <0.10
Ca.......... e 3.10 2.40 2.23 1.30 0.40 0.20
Fo?t ...... e 0.00 0.23 0.21 <0.10 <0.10 <0.10
Flut +vveenveneenns 2.90 1.80 1.67 1.10 1.20 0.61
.............. . 3.70 3.17 2.95 4.00 4.30 217
Mg ... i 0.46 0.38 0.35 0.22 0.24 0.12
M e 3.10 0.11 0.10 27.00 0.59 0.30
Na................ 1.60 1.17 1.09 0.60 1.00 0.51
0.00 0.00 0.00 0.02 <0.01 <0.01
L 7 0.04 2.00 1.86 0.05 3.80 1.92
Sl 28.10 30.02 27.91 15.80 29.10 14.70
| 0 | N 7.20 9.60 8.93 8.30 8.30 4.19
Oxide:
T o T 10.01 9.56 8.88 5.67 10.96 5.53
O (iiviiininn . 0.46 0.47 0.44 2.23 4.24 2.14
Ca0 [P 4.34 3.36 3.12 1.82 0.56 0.28
COy . vvivi i, 345 0.00 0.00 2.20 0.00 0.00
FeO e . 415 2,57 2.39 1.57 1.72 0.87
Fe,03 vnwns e 0.00 0.30 0.27 0.00 0.00 0.00
............... 4.46 3.82 3.55 4.82 5.18 261
Mgl ........ e 0.76 0.63 0.58 0.36 0.40 0.20
110 4.91 0.17 0.16 42,73 0.93 0.47
Na,O ............0 2.16 1.58 1.47 0.81 1.35 0.69
P04 e 0.00 0.00 0.00 0.05 0.00 0.00
SIO2 .............. 60.12 64.23 59.71 33.80 62.26 31.45
8O, ..... e 0.12 5.99 557 0.16 11.39 575
Lol ...... Ceeeeas 7.20 4,19 8.93 8.30 419 419
Total .......... 102.14 96.87 95.07 104.51 103.18 54,18
LOl  Loss on ignition.
Table 3.—~Grade and recovery of Mn, Fe, and Ca for column leach experiments
Sample Mn Fe Ca
wt % % recovered wt % % recovered wt % % recoversd
GP1 ...... 27 99 6 1 85
Level-1 ,.... 3 97 42 3 28
AZ5.,...... 3 97 9 3 31

CALCITE DISSOLUTION

Evaluation of the amount of calcite in the ore and the
degree of calcite dissolution during leaching is an im-
portant factor in assessing the viability of in situ leaching
at the Artillery Peak site because of some potentially nega-
tive side effects that acid consumption and excess Ca can
have on the efficiency of leaching, The dissolution of cal-
cite consumes acid and reduces the efficiency of SO, leach-
ing of Mn (Marozas and others, 1992). The leaching of
Mn oxide minerals with SO, is a reductive dissolution
reaction and an acid-base reaction that requires a pH

of <2.5. This is because sulfurous acid behaves as a weak
diprotic acid in which the concentration of the species SO,,
HSO,!- (bisulfite), and SO,?>~ vary as a function of pH
(Saini-Eidukat and others, 1993). It is the SO, form that
is the reactive reducing S species in the Mn oxide system,
Sulfur is predominantly in the reactive SO, form only when
the pH is <2.5. The pH increase owing to acid dissolution
of calcite results in a shift in the diprotic acid’s equilib-
rium, as SO, reacts to form HSO,!- and SO,2.

A second side effect that Ca has on the efficiency of
Mn leaching is particularly troublesome for in situ leach-
ing. When Ca is present in sufficient quantities, it reacts
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with the S byproducts of Mn leaching with aqueous SO,
and precipitates as gypsum in pore spaces, thus reducing
system permeability.

Extraction curves for Mn, Fe, and Ca from the Artillery
Pcak column leach tests for level-1 and GP-1 samples are

presented in figure 2. The rate of leaching of Mn from
the GP-1 (high-grade) sample was nearly half of that from
the level-1 (low-grade) sample. The rate of Ca extraction
in experiment GP-1 was rather high at first, exceeding the
Mn rate for a time, and then as it leveled off, the Mn
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extraction rate increased. The typical concentrations of
Mn, Fe, and Ca in the GP-1 leachate are shown in table 4.
During the leach experiment, fresh leach solution was
dripped through the column so that a continual supply
of acid and aqueous SO, was available to the ore. Per-
haps, in the GP-1 experiment, as the leach solution con-
tacted calcite, dissolution forced the pH up locally so that
the aqueous S shifted from the reductive SO, species to
the ineffective HSO,!~ and SO~ species (Saini-Eidukat
and others, 1993). This shift would inhibit the efficient

leaching of Mn until the calcite gangue reactivity was re-
duced by acid dissolution.

Table 4.—Typical leachate concentration of Mn, Fe, and Ca
for column and core leach tests, milligrams per liter

Sample Column (GP-1) Core (massive 2)
MO o inesomrmimameas 20,000 13,000
FO sicicnscinininsps 200 10
Ca . 700 3,000

CORE LEACH TEST

Core leach tests add knowledge to that acquired from
column leach tests. The experimental conditions in a core
leaching test are a step closer to conditions that are ex-
pected in the field and yield data not available from col-
umn leach tests. In addition to providing chemical data,
core leach experiments provide information on permeabil-
ity changes resulting from mineral dissolution, precipita-
tion, or clay hydration. This is important since the main-
tenance of adequate permeability is crucial to the success
of any in situ leach mining operation. A varicty of config-
urations and materials can be used to conduct core leach
tests (Paulson and Kuhlman, 1989), but the basic design is
similar in all: A section of core is placed within a piece of
pipe, encased in epoxy, and sealed with end caps. Lixiviant
is pumped through the core in an axial direction and col-
lected in a closed vessel prior to sampling and analysis
(Paulson and Kuhlman, 1989). The differential pressure
across the sample is monitored using a pressure transducer
to evaluate real-time permeability changes. Upon comple-
tion of the experiment, the remaining core material is
impregnated with epoxy to preserve delicate structures
(Brink and others, 1991) and then prepared for petro-
graphic studies.

PRELEACH GEOLOGIC CHARACTERIZATION

Figure 3 shows the preleach interval of core used in
the core leach test. The black rock is an arkosic sand-
stone that conmsists of angular to subrounded grains of
quartz, microcline, plagioclase, muscovite, and biotite; it
is cemented by black Mn oxide minerals, calcite, and an
allophane-like, Si/Al-rich phase. Figure 4 is a back-
scattered electron (BSE) image that shows the preleach
texture of the rock. The white rims around the felsic
sedimentary grains are Mn oxide. The darker gray mate-
rial lining interstitial areas between grains is an Si/Al
phase and the lighter gray mineral with triangular pits that

fills interstitial space is calcite. The quartzofeldspathic
grains are medium grained and vary from 10 to 750 pm in
diameter, but most range from 200 to 500 ym. Some pla-
gioclase and microcline grains are fresh, while others are
slightly to almost completely altered to sericite. The ex-
tinction angle of albite twinning was measured on 23 un-
altered plagioclase grains and suggests plagioclase com-
positions ranging from albite (Ang) to andesine (Ang).
Elongated grains of biotite are greenish brown and essen-
tially unaltered. The Mn oxide that coats the sediment
grains is primarily wad (a mixture of amorphous, hydrous
Mn oxides) with an outer rim of well crystallized, cryp-
tomelane needles (10 to 20 ym long and 1 to 5 um wide).
These needles protrude into what was interstitial space
between grains before further cementation.

The following preleach paragenetic sequence is sup-
ported by reflected and transmitted light optical micros-
copy and BSE images (figure S) of grain and cement

Figure 3

Scale, cm

Artillery Peak drill core sample massive 2 before leaching.
Rock sample does not show preferred directional fabric such
as bedding. Small vugs are lined or filled with calcite, which
can be seen as white areas on core.
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BSE image afpmleach ore texture shomgsubangukzryams
of arkosic sandstone. Grains are rimmed and cemented by
wad (white), allophane-like phase consisting of Si and Al
(dark gray) (A), and caicite (light gray) (B).

BSE image of preleach ore texture showing paragenetic
sequence of mineralization. Interstitial spaces between wad-
coated sedimentary grains (A) are rimmed with crypto-
melane needles (B), followed by layer of allophane-like
material (C) and filled with calcite cement (D). Light mate-
rial near center of image is gypsum (E) replacing calcite.
Altered feldspar grain on right of image contains patches of
calcite with triangular pits (D) and lighter patch of gypsum
(E). Crystals of allophane-like material are lath shaped (F).

textures. Quartzofeldspathic grains are rimmed with a thin
layer of massive wad (figure 54), which cemented the
grains in an open framework with abundant pore spaces

that are now filled with other minerals. Epigenetic hy-
drologic processes that formed *hard ore" (Sanford and
Stewart, 1948) converted some of the wad to crypto-
melane. Cryptomelane occurs as needles (figure 5B),
which locally rim some of the massive wad and protrude
into the interior of the pores. The next layer lining the
pore spaces is a thin coating of an allophane-like, Si/Al
phase (figure 5C). In transmitted light optical microscopy,
this material is clear in plane polarized light and black un-
der crossed nicohls. The remaining interstitial space is
filled with calcite (figure SD) and rarely with gypsum (fig-
ure 5E). Notice that crystals of the allophane-like phase
have a lath or peg-tooth morphology that protrude into the
pore spaces (figure 5F). Gypsum, calcite, and the Si/Al
material were also observed to have replaced portions of
some plagioclase grains (figure 5). Gypsum can be dis-
tinguished from calcite in this image by its brightness since
gypsum has a higher atomic density than calcite. From the
observed textural relationships, it can be seen that gypsum
replaced calcite. Gypsum has triangular pits, as are typical
for calcite. This example of gypsum occurs naturally in
the rock and is not a result of leaching with aqueous SO,
because the adjacent Mn minerals do not appear to be
leached. Well crystallized needles (0.5 to 3 mm long) of
gypsum were also observed within vugs in the preleach
rock.

CORE LEACH EXPERIMENT

The core leach experiment was performed on a 10-cm-
diameter by 20-cm-long drill core sample (labeled "massive
2") of Artillery Peak rock that was drilled from a typical
block of rock collected from the deposit. The total weight
of the core was 3,145 g. Prior to SO, injection, distilled,
deionized water was pumped through the core at a rate of
0.05 mL/min to saturate it before leaching. The volume
of water pumped into the core at the time of initial fluid
breakthrough was 250 mL compared with the volume of
the core, 1,383 mL. Thus, 18% of the rock volume was
saturated during the preflush. Typical sandstones have
porosities in the range of 11% to 16% (Dietrich and
others, 1982). Chemical analysis of the water samples
showed that Ca and Mg were mobilized by the distilled
deionized water flush and that the pH increased from
5.5to 7.7. After the first sample was collected, the flow
rate of the water flush was varied between 1.0 and
0.008 mL/min to establish preleach flow rate conditions
for the experiment. After another 250 mL of water was
pumped through the core, the injection fluid was switched
from distilled water to a 7 wt % solution of aqueous SO,
at a flow rate of 0.005 mL/min. Solution samples were
collected after passing through the core and submitted for
chiemical analysis for Fe, Mn, Si, Ca, Na, K, and Al by



atomic absorption spectrometry or inductively coupled
plasma spectrometry.

During a core leaching experiment, the pump pressure
will vary to maintain a constant flow rate through the core.
The pump pressure began to increase shortly after the first
breakthrough of SO, solution through the core. This in-
crease in pressure indicated the beginning of permeability
reduction in the core. The pump pressure varied up and
down somewhat during the time required for the next
several hundred milliliters of solution to pass through the
core, but in general, the pump pressure increased. After
800 mL of leach solution was recovered from the core ex-
periment, the pump reached its maximum allowable pres-
sure [6,895 kPa, (1,000 psi)] and the experiment was
ended.

POSTLEACH GEOLOGIC CHARACTERIZATION
Cross Section of Leached Core

Figure 6 shows cross-sectional views of the interior of
the leached core. The injection end is at the bottom of
the photographs. The light horizontal layer is at the in-
jection end and the medium-gray channels of dissolution
reach further into the core. In hand samples, these dis-
solution channels are light orange and more porous and
friable than the black, unleached areas. The horizontal
band and the vertical channels are a result of leaching and
are not primary textures of the massive sandstone.

X-Ray Diffraction

XRD analyses of powdered rock samples were per-
formed using an X-ray powder diffractometer with a Cu-
Ko radiation source. Samples were analyzed from the
very leached horizontal band at the injection end of the
core, the partially leached orange-brown channels of dis-
solution, and the black, unleached portion of the core
(figure 6). X-ray patterns for the unleached (4), partially
leached (B), and very leached (C) samples are shown in
figure 7. They show a progressive increase in intensity of
peaks for gypsum, with a progressive decrease in intensity
of peaks for calcite and mica. The XRD pattern for the
least leached material identified quartz, calcite, plagioclase,
microcline, and mica. The small mica peak represents
both biotite and sericite, as determined by light optical
microscopy. The major peaks for albite and intermedi-
ate anorthite are the same, and the minor peaks overlap
with other minerals. Therefore, exact identification of the
plagioclase is not available by XRD. No peaks for Mn ox-
ide minerals were present, although the sample was known
to contain considerable Mn oxides from chemical analysis,

and the XRD pattern had a moderately high background
and good peaks for other minerals. Therefore, it is

Figure 6
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Cross-sectional views of leached massive 2 core. Leached
interval of core (top). Injection end of leached core sample
occurs at bottom. Close-up view of injection end (bottom).
Both views show bleached horizontal layer (A), medium-gray
channels of dissolution (B) finger upward from this leached
layer into black, poorly to unleached material (C). White
patches of calcite, some of which line vugs, can also be seen
in black unleached matrix of rock.
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Figure 7
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XRD patterns of samples from leached core. A, Unleached; B, partially leached; C, very leached.

interpreted that a majority of the Mn mineral(s) in the
rock are poorly crystallized wad. The XRD pattern for
the partially leached channels identified the same minerals
as the least leached material. Differences are that the
calcite peak was smaller and a new, fairly strong gypsum
peak was present. The XRD pattern for the well-leached
layer had an even smaller peak for calcite and a stronger
gypsum peak than the other two patterns. Therefore,

XRD results show that with leaching of massive 2 ore,
some of the calcite is dissolved and gypsum is formed.

Modal Analysis
Polished-thin sections were made of the leached and

unleached areas of the core. The texture of the rock was
examined to determine how each mineral reacted with the



leach solution and to determine whether secondary pre-
cipitates were formed in the rock. By using transmitted
light optical microscopy, it was easy to observe where
black, opaque, Mn oxides had been dissolved and a clear
to medium-orange-brown transparent residue was left
behind (figure 8). Table 5 shows a comparison of modal
analyses by point counting of unleached and leached
polished-thin sections from the core leach experiment.
The unleached Mn-mineralized arkosic sandstone is com-
posed of approximately 70.6% matrix and 29.4% sedimen-
tary grains. Of the total grains, 34.4% are quartz, 58.3%
are feldspar, and 7.4% are mica. The leached mode of the
rock consists of 29.6% matrix, 31.4% leached matrix, and
39.0% sedimentary grains. Of the total grains, 25.6% are
quartz, 66.0% are feldspar, and 8.3% are mica. The
leached mode cannot be extrapolated over the entire piece
of core to arrive at the total amount of Mn oxide and
calcite that was leached, as the selected thin sections
represent only a small volume of the core sample. How-
ever, for the leached mode, the sum of the increase in
void, clear leach residue, and Fe-stained leach residue
compares favorably with the sum of the decrease in Mn
minerals and calcite, 31.4% and 25.7%, respectively.
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Photomicrograph of Si/Al-rich phase of leached residue
after dissolution of Mn oxide minerals taken in transmitted
light. Solid black is unleached wad (A), felsic grains are
white (C), and mottled gray rims around felsic grains are
leached residue (B).

Tabie 5.—Modal analyses of unleached and leached core tests for massive 2 sample

Unleached

Leached

Average vol %

Standard deviation

Average vol % Standard deviation

Minerals:
Quartz .................. 10.1 3.5 10.0 29
Plagioclase .............. 21 1.4 2.2 1.5
Microcline ............... 1.7 2.0 3.8 5.0
Feldspar with intergrowths . . . 8.4 3.9 14.1 8.2
Altered feldspar ........... 5.0 1.8 57 4.3
Muscovite ............... 0.8 07 28 1.7
Biotite .................. 1.3 0.8 04 0.3
Wad-cryptomelane . . ..., ... 331 6.2 12.2 5.8
Si/Alrimi ... 10.7 71 3.3 2.5
Calcite . . ................ 18.5 3.2 14.1 6.0
Void ................... 6.0 3.6 8.1 3.4
Leached residue .......... 1.3 25 20.0 5.2
Leached Fe-stained rim .. ... 1.0 1.1 33 2.5
Total ................. 100.0 NAp 100.0 NAp
Grains versus matrix:
Graing .................. 29.4 NAp 35.0 NAp
Matrix .................. 62.3 NAp 29.6 NAp
Leached matrix ........... 8.3 NAp 314 NAp
TJotal ................. 100.0 NAp 100.0 NAp
Total grains:
Quarz .................. 343 NAp 25.6 NAp
Plagioclase .............. 7.0 NAp 57 NAp
Microcline ............... 5.7 NAD 9.8 NAp
Feldspar with intergrowths . . . 28.5 NAp 36.0 NAp
Altered feldspar ........... 17.1 NAn 14.6 NAp
Muscovite ............... 29 Nap 7.3 NAp
Biotite .................. 45 NAp 1.0 NAp
Total ................. 100.0 NAp 100.0 NAp

NAp  Not applicable.
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Microprobe Analyses and Microimaging

Microprobe analyses and BSE imaging were performed
on two of the polished-thin sections of the leached ore.
One thin section included a leached channel in contact
with unleached material and the other thin section in-
cluded the beige horizontal band at the injection end of
the core. Chemical microanalyses of individual minerals
were performed on a JEOL 733 Superprobe equipped with
WDS, an energy dispersive spectrometer (EDS), a BSE
solid-state detector, and a secondary electron scintillation
detector. For quantitative WDS analysis, the thallium acid
phthalaie (TAP) crystal was used for detecting Na, Al, and
Si; the pentaerythritol (PET) crystal was used for S, K, Ca,
and Ba; and the lithium fluoride (LIF) crystal was used for
Fe and Mn. The Noran 5500 Task analysis program was
used with the ZAF (Z stands for atomic number, A stands
for adsorption, and F stands for fluorescence) correction
program. Typical working parameters for characterization
were a beam current of 10 nA and accelerating voltage of
15 kV. The detection limits for the elements are typically
around 0.001 to 0.1 wt %. Low total weight percent oxides
are due to contained water in the Mn oxides and perhaps
the Si/Al phases. ZAF was also used for standardless
semiquantitative EDS analysis.

Figures 9, 10, and 11 show BSE images of the micro-
texture of the rock after leaching. These images show
what minerals were dissolved, what minerals were pre-
cipitated, and the spatial distribution of these minerals,
which has a net effect on permeability of the leached rock.
For example, one would expect voids to be left where
Mn minerals or calcite cement had been completely dis-
solved. The BSE image shown in figure 9 shows a contact
between leached and unleached wad and calcite. Some
voids are present in the image and mostly represent
shrinkage cracks. Some of the partially dissolved calcite,
however, is rimmed with gypsum. Also, precipitates of
manganese-barium sulfate [(MnBa)SO,] and iron sulfate
(FeSO,+2H,0) occur in some of the areas where wad had
rimmed felsic grains before it was dissolved.

Tables 6, 7, and 8 show representative WDS micro-
probe analyses of wad, cryptomelane, calcite, gypsum, and
Si/Al-replaced feldspar (figure 5), as well as preleach
(figure 5) and postleach Si/Al (figure 10). Cryptomelane
contains Ba. The composition of Si/Al that has replaced
part of a plagioclase grain can be compared with the thin-
rim type of Si/Al. The composition of Si/Al that coats
the interior of former pores (interstitial spaces) within the
sandstone can be compared with similarly occurring Si/Al
that was exposed to leach solution. The siliceous material
replacing the plagioclase grain contains more Ca, K, and
Na than the siliceous material rimming pores, and the

rimming type of allophane that was exposed to leach solu-
tion is slightly more silica rich than the unleached example.

.q’-f,

p’-

BSE image of contact between leached and unleached ore.
Unleached Mn minerals (A) and calcite (B) are shown. In
some of the areas where these two minerals were dissolved,
gpsum (C), (MnBa)SO, (D), and FeSO,-2H,0 (E) were
precipitated. Otherwise, leached areas are black and filled
with epaxy in this image.

Figure 10

BSE image of leached texture after dissolving Mn minerals
from oval-shaped interstitial area. Black void space (A)
occurs around allophane-like Si/Al rim (B) that has lath-
shaped crystals (C). Very small grains of mica (D), plagio-
clase (E), microcline (F), and quartz (G) are cemented by
Si/Al material (B) and occur in Mn-leached ovoid.
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BSE image showing leached areas wlmMnmmemlsm
dissolved. Some of these areas are now filled with epaxy
(A) and secondary precipitates of MnSO, (B) and gypsum
(©)-
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Figure 10 is a BSE image of part of an oval-shaped
interstitial area that has been well leached of Mn oxide.
The thin rim of allophane-like Si/Al lines the ovoid. The
abundant void space around the rim may indicate that it
was partially dissolved or that this area contained only Mn
minerals or calcite, which were totally dissolved. The lath
shape of crystals of Si/Al suggests that the allophane-like
material was not significantly dissolved. Dissolution of Mn
minerals from the interior of the pore space unmasked
very small grains of mica, plagioclase, microcline, and
quartz, cemented by translucent Si/Al material. These
very fine-grained sedimentary particles are not usually
visible in the unleached rock.

The leached Si/Al material that was analyzed in table 8
are the two types of occurrences shown in figure 10, the
rimming type and the cementing type. The cementing ma-
terial is siliceous with a similar Si/Al ratio to the thin-rim
type of Si/Al. Also, the translucent cementing material
contains significant amounts of Fe, Mn, K, and S. It is
believed that the allophane-like material in the rock is
more visible after removal of Mn oxide and calcite from
these leached areas. Lath-shaped crystals of the Si/Al
phase also have been observed in the centers of some
oval-shaped voids that have been leached of Mn oxide or
calcite and are now filled with epoxy.

Table 6.—Representative WDS microprobe analyses of wad and cryptomelane

Wad? Cryptomeiane*
Average wt % Standard deviation Average wt % Standard deviation
Oxide:
VX o T 2.96 1.74 1.10 0.65
BaO ................... 3.35 1.57 4.13 0.88
CaO ....... ... 1.07 0.42 0.24 0.04
F,05 oo, 2.97 0.52 2.05 0.36
KO v 4.98 0.17 7.97 0.89
MNO, . ... 65.22 6.32 70.23 2.29
Na,O ................... 0.51 0.13 0.33 0.20
SO, ... 5.57 3.42 1.69 1.12
8O, ... 1.44 0.49 0.85 0.67
Total ................. 88.07 NAp 88.58 NAp
Stoichiometry.
A 0.46 0.27 0.18 0.10
Ba..................... 0.18 0.08 0.23 0.05
Ca........ ... .. ... 0.15 0.06 0.04 0.01
Fe ................ Ce 0.30 0.05 0.22 0.04
Koo 0.85 0.02 1.43 0.15
Mn .o 6.04 0.67 6.81 0.22
Na:. .. .sos oo ep smome 6 24 . 0.13 0.03 0.09 0.06
S 0.12 0.04 0.07 0.06
Sio 0.74 0.44 0.23 0.15
Total ................. 8.97 NAp 9.30 NAp
Mn+Fe+AI+Si . ............. 7.54 NAp 7.44 NAp
K+Ba+Na+Ca.............. 1.31 NAp 1.79 NAp

NAp  Not applicable.
The number of analyses was 5; the cation basis is 16.
*The number of analyses was 6; the cation basis is 16.
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Table 7.—Reprosentative WDS microprobe analyses of calclte, gypsum, and Si/Al-replaced feldspar

Calcite® Gypsum2 Si/Al-replaced felds‘,par3
Average Standard Average Standard Average
wt % deviation wt % deviation wt %
Oxide:

AG, v 0.06 0.02 0.03 0.03 28.08
Cal ......covvnn 58.78 0.81 39.23 1.96 3.22
Fe,0, Crr e 0.00 0.00 0.07 0.07 0.06
KO...... Ceeriaas . 0.01 0.01 0.04 0.03 3.42
MNO,.....vvna e . 0.01 0.01 0.08 0.03 0.00
NaZO Cherrer e 0.02 0.04 0.20 0.12 0.65
S0 viiiiiieiiiia 0.05 0.03 0.07 0.03 68.22
SO v 0.02 0.04 54.87 13.61 0.06
Total ..... i 58.95 NAp 94.54 NAp 103.71

Stoichiometry: T
A i 0.00 0.00 0.00 0.00 2.75
Ba ......covninnnnn 0.00 0.00 0.00 0.00 0.00
[ N 1.00 0.00 0.97 0.16 0.29
[ Ve 0.00 0.00 0.00 0.00 0.00
Keovionen AN 0.00 0.00 0.00 0.00 0.36
Mn ........ e 0.00 0.00 0.00 0.00 0.00
Na........ N 0.00 0.00 0.01 0.01 0.10
S . e 0.00 0.00 0.76 0.04 0.00
2 . 0.00 0.00 0.00 0.00 5.67
Total ....... e 1.00 NAp 1.74 NAp 9.17
Si/A ..., NAp NAp NAp NAp 2.06

NAp Not applicable,

1The number of analyses was 4; the cation basis is 1.
he number of analyses was 4; the cation basis is 4.
3The number of analyses was 1; the cation basis is 4.

Table 8.—Representative WDS microprobe analyses of preleach and postleach Si/Al

Si/Al rim preleach®

Si/Al rim postleach?

Si/Al after leached Mn oxide®

Average Standard Average Standard Average Standard
wt % deviation wt % deviation wt % deviation
Oxide:
AO; ... 21.30 3.64 24.64 0.76 17.85 3.27
BaO .... 0.03 0.01 0.04 0.03 0.12 0.09
CaO .... 3.12 1.64 2.48 0.21 0.37 0.41
Fe,0; ... 0.01 0.02 0.34 0.03 13.25 4.89
KO..... 3.04 0.35 3.05 0.16 7.74 1.67
MnO,.... 0.83 0.28 0.78 0.06 8.93 7.61
Na,O.... 0.34 0.17 0.65 0.11 0.64 0.57
S0, .... 51.87 8.28 64.61 2,01 48.11 7.71
§O;..... 0.05 0.04 0.15 0.06 1.44 0.34
Total .. 80.59 NAp 96.74 NAp 98.45 NAp
Stoichiometry:
Al L. 0.68 0.01 0.65 0.00 0.51 0.07
Ba..... . 0.00 0.00 0.00 0.00 0.00 0.00
Ca...... 0.09 0.04 0.06 0.00 0.01 0.01
Fe .. 0.00 0.00 0.01 0.00 0.25 0.10
K.. . 0.1 0.02 0.09 0.00 0.24 0.04
Mn ..... 0.02 0.00 0.01 0.00 0.16 0.14
Na... 0.02 0.01 0.03 0.00 0.03 0.03
S...... 0.00 0.00 0.00 0.00 0.00 0.00
Si e 1.40 0.01 1.44 0.00 1.16 0.15
Total . 2.32 NAp 2.29 NAp 2.36 NAp
Si/N ...... 2.06 NAp 222 NAp 2,27 NAp

NAp Not applicable.

The number of analyses was 4; the cation basis is 4.
2The number of analyses was 2; the cation basls is 4.
3The number of analyses was 6; the cation basis Is 4.
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Figure 11 is a BSE image of the well-leached, white
horizontal layer at the injection end of the core. The two
light minerals that fill in between the felsic grains are
manganese sulfate (MnSO,) on the left (figure 11B) and
gypsum on the right (figure 11C). The original texture of
minerals rimming the felsic grains is destroyed where
MnSO, has precipitated, but is still partially discernable
where gypsum has precipitated. The source of the MnSO,
precipitate is likely due to evaporation of saturated leach
solution when the experiment had to be ended because of
permeability loss. Tables 9 and 10 display representative
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EDS microprobe analyses of wad, MnSO,, (MnBa)SO,,
barium sulfate (BaSO,), calcite, gypsum, Ba-gypsum, and
residual Si/Al after leaching.

Secondary Precipitation

By looking at the microtexture and mineral composition
of the leached Artillery Peak ore, it is apparent that pre-
cipitation of -Ca, Fe, and Ba sulfates is the cause for the
progressive decrease in permeability during the core leach
experiment.

Table 9.—Representative EDS microprobe analyses of wad, MnSQ,, (MnBa)SO,,
and BaSO,, average weight percent

Wad! MnSO, and Fe? (MnBa)SO,2 BaSO,’
Oxide
AO; o, 0.13 0.00 3.64 0.49
BaD ........oiviiiiiin 6.20 0.00 11.80 42.13
Cald ..iiviiiiii e 0.87 0.00 0.77 2.73
FeO ......o v ivii i, 1.09 0.00 36.70 2.30
0 _2.77 0.07 0.70 1.06
MAO e 86.10 43.16 14.98 8,57
PbO ......ciiiiiiiii e 0.61 0.66 1.48 0.36
SiO, i e 1.04 0.31 1.55 3.08
80, v 1.19 55.80 28.38 39.28
Total .......ovvvenn, e 100.00 100.00 100.00 100.00
Chi-squared distribution .. 0.96 1.09 3.36 1.86
Stoichiomaetry:

Al e e 0.03 0.00 0.07 0.01
2 0.56 0.00 0.08 0.30
0 0.21 0.00 0.01 0.05
- 0.21 0.00 0.55 0.03
Koo i 0.81 0.00 0.20 0.02
Mn e e 13.55 0.51 0.22 0.13
[« T 0.04 0.00 0.00 0.00
£ . 0.17 0.49 0.31 0.45
Sl e e e 0.24 0.00 0.03 0.06
Total oot 15.82 1.00 1.47 1.05

IThe number of analyses was 4; the cation basis is 16.
2The number of analyses was 3; the cation basis is 2.
3The number of analyses was 2; the cation basis is 2.

*MnO,; most of the Mn in wad is in the Mn™** state rather than the Mn*? state.
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Table 10.—Representative EDS microprobe analyses of calcite, gypsum, Ba-gypsum,
and Si/Al, average weight percent

Calcite! Gypsum? Ba-gypsum?® Si/A
Oxide

T o 0.00 0.13 0.13 11.83
BaOD ......coviviiiiiniiinan 0.00 0.00 2.87 0.44
Cal ......ovvviininiann, 98.47 37.48 37.10 4.50
FEO .....ovvviiiiiiiinnans 0.00 0.22 043 0.28
KO...... Pre st 0.00 0.06 ; 0.15 3.04
MnO ..., 0.43 0.24 0.67 2.55
PbO ...t 0.00 0.50 0.00 0.00
SI0) viiii e 0.00 0.66 1.75 72.32
1o J 1.10 60.71 56.90 5.04
Total ....ovvvviiiiinn, 100.00 100.00 100.00 100.00
Chi-squared distribution .. 1.17 1.07 0.91 1.00

Stoichiometry:
Al e 0.00 0.00 0.00 0.15
Ba .....iiiiiiii i 0.00 0.00 0.01 0.00
0 1.95 0.51 0.48 0.05
- 0.00 0.00 0.00 0.00
Koot 0.00 0.00 0.00 0.04
M o 0.01 0.00 0.01 0.02
Pb.. i 0.00 0.00 0.00 0.00
S e 0.01 0.49 0.48 0.03
Sl e e 0.00 0.01 0.02 0.78
Total ..........o0vv v 1.97 1.02 1.00 1.07
Si/AlL o NAp NAp NAp 5.21

NAp  Not applicable,

1The number of analyses was 1; the cation basis is 2.
2The number of analyses was 4; the cation basis is 2.
3The number of analyses was 2; the cation basis is 2.
“The number of analyses was 6; the cation basis is 2.

POSTLEACH GEOCHEMICAL
CHARACTERIZATION

Leach Solution Chemistry

Table 4 lists typical concentrations of Mn, Fe, and Ca
recovered in the leachate of the core leach test. When
compared with the earliest solutions recovered from the
GP-1 column leach experiment, where Ca leaching was
most intense, the Mn concentration in the core leachate
was lower than the column by about 35%, the Fe concen-
tration in the core leachate was lower than the column
leachate by about 95%, and the Ca concentration in the
core leachate was higher than the column by about 23%.
The leach solution was applied at 1 mL/min in the GP-1
column test and 0.005 mL/min in the core leach test.
Although the flow rate of the core leach test was slower
than the flow rate of the GP-1 column leach experiment,
giving Mn more time to react, Mn recovery was lower in
the core because of calcite dissolution. The GP-1 sample
contained 1.3% calcite and the massive 2 sample contained
18.5% calcite. Acid-soluble calcite gangue dissolved dur-
ing leaching in the core and resulted in high concentration

of Ca in the leachate, as well as acid loss from the lix-
iviant, Calculations indicate that the solutions in the core
were supersaturated with respect to gypsum shortly after
the acid was injected into the core. This could have led to
the observed loss of permeability in the core test as the
precipitation of gypsum exceeded the porosity created by
the dissolution of Mn, Figure 12 shows total recovered
Mn, Fe, and Ca versus solution volume for the core leach
test. Again, as in the GP-1 column leach test, Ca extrac-
tion initially exceeded Mn extraction.

Calcite Dissolution

Calcite dissolution also affected the efficiency of Mn
leaching in the core by consuming acid, which resulted in
lower Mn grades in the core test than in the column tests
(table 4). The acidity of the leachate exiting the core was
close to neutral with a pH of about 7. Because, as men-
tioned above, the efficient leaching of Mn oxide minerals
requires that the pH of the leach solution be <2.5, calcite
dissolution in the core test not only clogged pore channels
by precipitation of gypsum, but also decreased the effi-
ciency of the reductive dissolution of Mn oxides.
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Total recovered versus solution volume for core leach test for massive 2 sample.

DISCUSSION

A comparison of column leach tests results with core
leach test results demonstrate the complexity of the var-
iables controlling the leaching process. Permeability
changes that occurred in the core sample were so severe
that continued leaching under those conditions was not
possible. Although saturation with Ca sulfate minerals was
observed in column testing of the ore, it did exhibit ex-
cellent recovery of the available Mn. However, under in
situ conditions, saturation with Ca sulfate minerals arrest-
ed continued leaching of the Mn oxides in the core.

The success of evaluating any deposit for its potential
as an in situ leach mining target depends on the leach-
ability of the metal of interest, as well as the side reactions
between the lixiviant and gangue minerals in the rock’s
matrix. This work has shown that calcite gangue mineral
side reactions with a SO, lixiviant can have pronounced
negative effects on the likelihood of successful in situ
leaching at the Artillery Peak site.
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